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 Abstract: This paper describes the technical devices for a fiashlamp-pumped 
tunable dye laser to be used in the lidar system for the atmospheric sodium layer 
observation at Mt. Zao Observatory  (38.1°N,  140.6°E). An optical system consisting 
of three  Fabry-Perot filters is employed for tuning of the output wavelength and for 
narrowing of the bandwidth, an energy of more than 50  mJ per pulse in a bandwidth of 
0.003 nm at 589.0  nm being obtained. Discussions are also given of the problem 
pertaining to the instrumental characteristics which depend largely on the aligning 
geometry of the receiving telescope and on the strength of return signals.
1. Introduction 
   The atmospheric sodium layer has been observed by a number of different groups 
working at various locations (Sandford and Gibson, 1970; Megie and Blamont, 1977; 
Rowlett et al., 1978; Simonich et  al., 1979; Nagasawa et al., 1980). In 1972, the 
observation was also succeeded at Mt. Zao Observatory with our previous laser radar 
system (Aruga et  al., 1974). The temporal and spatial resolution of the observation , 
however, was not satisfactory because of an insufficient output energy (1-2  m  J per 
 pulse). A narrow-bandwidth laser with a higher output energy has been required for a 
more accurate observation of the sodium layer. As will be discussed later , however, a 
too high output energy will lead to erroneous data for the Rayleigh scattering from 
relatively low levels, because of the limited pulse pair resolution of the receiving 
system. The usefulness of Fabry-Perot filters to achieve a spectral-narrowing has been 
reported (Gibson, 1969; Clemsha et al., 1975), but it is not so easy to obtain a high 
output energy through these filters. Therefore, our efforts are concentrated on narrow-
ing the bandwidth of the laser output without reducing the energy at the resonance line. 
In virtue of some improvements in the oscillator head and in the optical system 
involving three Fabry-Perot filters, an adequately high output energy of more than 
50  m  J per pulse in a bandwidth of 0.003 nm at 589.0  nm was finally obtained . This
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bandwidth is comparable with the Doppler half-intensity width of the sodium  D, line. 
2. Instrumentation 
   The block diagram of our transmitter system is shown in Fig. 1. The oscillator 
head is composed of a dye cell (10 mm diameter x 150 mm length) and two water-cooled 
flash tubes. The flash tubes are placed along the focal axes of a double elliptic cylindrical 
reflector. The solution of  1  x  10-4  mol/l of rhodamine 6G dissolved in  isopropanol is 
circulated at a flow rate of about 30  //min through a cooling tank. The cross-section of 
the flashlamp with its associated cooling  jacket is shown in Fig. 2. The lamp itself is 
made of a quartz tube with 6 mm bore and 10 mm outer diameter, and is surrounded
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by a co-axial 15 mm bore, 19 mm outer diameter pyrex cooling  jacket. In order to 
protect the tube against a shock during a discharge, silicone rubber tubes are used on 
the both ends to hold the quartz tube and electrodes. An investigation was made 
on the bore size of the flash tube and on the shape of the electrodes to see the 
degradation of the electrodes due to the accretion of quartz ablated from the tube wall 
on the inner surface of the electrodes through a repetition of discharge processes. Thus, 
some devices for the electrodes and the tube size lead to a much improved flashlamp 
with a sufficiently long lifetime of more than 6000 flashes at an electrical input energy of 
200 J per flash. This lifetime is as long as twice of that of the previous lamp, and makes 
it possible to continue the observation throughout a night. The brass terminals are 
connected with short  (--50 mm) plate connectors to the respective low-inductance 
capacitors (capacity 4  ,0, voltage rating 15 kV). The capacitors are charged up by a 
power supply variable up to 30 kV. Fig. 3 shows the circuit diagram for the two 
flashlamps firing. Two capacitors are triggered with a common spark gap switch shown 
in Fig. 4. The electrodes are made of stainless steel, and nitrogen gas is flown through 
the electrode chamber to ensure a complete operation at an input  enerev as  hicrli  1s 400 J.
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The pumped pulse duration is measured to be  2.2 sec  FWHM at 10 kV input 
power. 
   The spectral-narrowing and tuning to the sodium  D, resonance line are performed 
satsifactory by placing two tilted Fabry-Perot filters inside the cavity and the third 
Fabry-Perot filter which acts as the output mirror as well. The overall dye laser 
resonator system is shown schematically in Fig. 5. Each filter consists of two mirrors 
having the dielectrically coated inner faces with flatness of  A/20 and 50% reflectivity . 
The outer faces of the each filter and the windows of the dye cell are coated for 
antireflection and tapered by 1 degree to avoid unexpected interferences. The 
arrangement of the dye cell is shown in Fig. 6. Spacings of  10  µm , 0.2 mm and 4 mm of 
etalons are adopted, which correspond approximately to the free spectral ranges of 17 
nm, 0.9 nm and 0.04 nm, respectively, at 589.0 nm. The 10  ,am and 0.2 mm spacers 
are constructed with tungsten wires and the 4 mm spacer is made of fused silica. The 
output energy and spectral width obtained at respective stages of the filter system is 
given in Table 1. The characteristics of the output energy are shown as a function 
of input energy in Fig. 7. Each filter narrows the bandwidth to about  1/18 of its free 
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As mentioned above, the third filter acts as the output mirror as well, therefore, the 
energy loss coefficient is much smaller for the third one. 
   The final laser output tuned to the sodium D2 line is monitored by use of a sodium 
resonance cell, a spectrometer, and a Fabry-Perot interferometer of 0.06 nm free 
spectral range, as shown in Fig. 1. Owing to the precise temperature control to the 
filters, the tuning is sufficiently stable throughout a night, and therefore the check of the 
wavelength and spectral width is not needed so often during the observation. 
   The block diagram of our receiving system is shown in Fig. 8. Photons received 
with a Casegrainian telescope with an effective diameter of 50 cm are detected by a 
photomultiplier tube (EMI 9558QB) through an interference filter of a bandwidth  4A= 
2 nm. The digitalized output of PMT is led through a pulse amplifier and a discrimina-
tor to an usual photon counting system and recorded in a multichannel analyzer (MCA). 
Each channel of MCA is advanced at every 10  ,usec interval, including 1.3 sec dead 
time, which corresponds to the altitude resolution of 1.5 km. At the same time, the 
output from the pulse amplifier is displayed on a storagescope in an analog form by
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Wavelength 589  nm 
Divergence 3  mrad 
Repetition rate 0.25 Hz 
Input energy  200  x  2 J 
Output energy 80  m  j/pulse 
Pulse duration 2.2  is FWHM 
 Dye  : Rhodamine  6G  1  x  10-4 
 molt/ isopropanol solution
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means of the A-scope method. Samplings of the data are made at constant intervals 
throughout a night. For each sampling the recorded data in MCA is memorized 
through a micro-computer system on a floppy disk together with other status 
 parameters  : a data name, a supplied voltage to PMT, an input energy to the flashlamps, 
a repetition rate, day of the year, Japan Standard Time, and the sky condition. The 
micro-computer system is also capable of sending memorized data to a host computer 
system or of analyzing data and printing out a result on the spot. 
   The instrumental parameters of the transmitter and the receiver systems are listed in 
Table 2. 
3. Measurement of the Atmospheric Sodium Density 
   The laser radar equation for measuring the upper atmospheric density is, in 
general, written as 
 ns  =  nuN(doldS2)g4hT2kriAlh2  , (1) 
where  ns denotes the number of pulse-signals detected effectively,  no the transmitted
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photon number, N the number density of scattering molecules,  (cla  I  dt2) the differential 
back scattering cross section,  tfit the height range concerned, T the atmospheric 
attenuation factor , K the overall efficiency of the lidar system,  n the quantum efficiency 
of the detector, A the effective area of the receiving telescope, and h the altitude with 
which the measurement concerns. Here, in the case of the resonant scattering, g is the 
scattering efficiency and defined as follows, 
 g  =  1 for  (4A)  L    (4,1)D  , 
and (2) 
                g =  (ziA)Di(A)r. for  (4A)L  >  (44  , 
where  (AM/. is a spectral width of the laser output and  (AD is the Doppler width 
of the resonance line. It is not practical to obtain the absolute sodium number 
density from Eq. (1), because the values for T and K in situ are not available at 
various altitudes. Therefore, the method described below is employed in our observa-
tions. 
   When Eq. (1) is applied to the Rayleigh scattering from the relatively low atmo-
sphere. 
 nsR =  noN  R(da  I  dQ)  RAT  R2KiiA  142  , (3) 
where the subscript R refers to the Rayleigh scattering . As the extinction is considered 
to be caused effectively in the lower atmosphere, an assumption may be made that 
 T  =T  R. Then, from Eqs. (1) and (3) the sodium number density N is given by 
                           ns(d a IdS2) Rh2          1V -----NR  (4) 
                            nsR(cla I da) gItR2. 
Here, the atmospheric number density,  NR, at a given altitude,  hR, is assumed to be 
quoted from the model atmosphere, while  (da  I  clif2)  R and  (da/dQ) are available from liter-
atures (e.g., Aruga, 1972). For the acculate analysis of data, a special attention 
should be paid to  nsR, because there is a possibility that a measured value for  nsR does 
not reflect the real situation due to the instrumental characteristics. In this respect, 
various experiments were carried out to establish the manner in which an  accurate 
measurement of the Rayleigh scattering can be made. 
   First, a height profile of return signals due to the Rayleigh scatterings is largely 
characterized by the aligning geometry of the receiving telescope in relation to the 
transmitting one as shown in Fig. 9. In order to avoid a contamination resulting from 
multiple scatterings from the neighboring, our receiving telescope is placed at a 
distance of about 17 m from the transmitting one. Fig. 9 illustrates the typical three 
cases of the aligning geometry. In any case the transmitted beam at the altitude of 
100 km is assumed to be in the field of view of the receiving telescope as shown in 
the figure. Case A means that the field of view of the receiving telescope is too much 
separated from the laser beam, while case C shows the opposite situation. At the 
center of the field of the view, the laser beam at 100 km height is expectable only in case 
B. As shown in the figure, drastic differences among these profiles are obvious especially
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 Fig. 9. Expected height profiles of return signals due to the Rayleigh scattering for three 
     extreme cases of aligning geometry. The dotted curve for case A and the dotted-and-
     dashed curves for B and C show the profiles when no miscounting of signalsoccurs in a 
     receiver. The solid curves are drawn for the results when the probable miscounting effect is
     taken into  account, 
for the relatively low region of the atmosphere. Thus, the measured value for  no? 
should be properly understood with a help of a knowledge of the geometric relationship 
between the laser beam and the field of view of the receiving telescope. 
   Next, a possibility should be investigated that the photon counting system will 
fail to count signals due to a limitation of the pulse pair resolution. As the distribution 
of pulse signals yielded in PMT is considered to be expressed by the Poisson statistics 
(e.g., Suzuki and Yoshikawa, 1974), the probability that  n photoelectric pulses will be 
detected in a given time interval, P(n), is written as
Mnexp(—M)        P(
n)  —(5) 
 n,! 
where M is an average of photoelectric pulse signals led to the counting system in the 
same time interval. When  n pulse signals are led to a channel of MCA, the average 
interval,  7, between signals is given by 
                                  —nT 
      I —T(6)                         n ' 
where T denotes a gate time for each channel of MCA, and T the duration of a pulse 
signal. When  7 becomes shorter than a limiting time,  tc, which characterizes the pulse 
pair resolution, the counting sytem fails to detect such too frequent signals. As the 
result, the pulse count shown by the counting system is M  P(n) dn, where  n, is the
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            Fig. 10. The Poisson distribution of the probability for n counting. 
counting limit given by n in Eq. (6) with  t, for t as shown in Fig. 10. Fig. 11 shows the 
relation between the detectable count with our counter and the real intensity which 
would be expected only with a perfectly ideal counter. In our receiving system, the 
gate time, T, for each channel of MCA is adjusted to be 8.7  //sec, and each channel is 
advanced at every 10  ,usec including  1.3,usec dead time. The relation is given in the 
figure for different values of T. The pulse width, r, characterized by our overall 
receiving system is estimated to be 0.5  ,u  sec, therefore, the system gives correct values, 
 no 
 Mf  P(n)dn M, only when  M4, but when M>4, adetectable count M  f  P(n)dn 
 0 is reduced increasingly toward greater incident flux. Taking account of the miscounting 
possibility of our system, the height profiles of detectable signals are given in Fig. 9 by the 
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solid curves for the three different aligning geometries. To examine such miscounting 
effect resulting from too frequent input signals, experiments were carried out about the 
received signals with changing the output energy of a laser pulse, and the results are 
shown in Fig. 12. As apparently seen in the figure, counting rates are suppressed 
considerably for the lower atmospheric region (<25 km) when the transmitting power 
is 80  mJ, especially being satulated for the lowest region  (<11km). As the  transmitt-
ing power decreases, the miscounting rate becomes small. It should be noted here 
that even in the case in which the transmitting power is only 3  mJ, the detected data 
are still affected by the miscounting rate. In Fig. 13, detected pulses with the counting 
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system for the case of the least output power are compared with the result derived from 
the A-scope method. It is apparent that a height profile of received signals given 
merely by the counting system leads to a misunderstanding near the peak of the 
profile. 
   Thus, under the proper consideration of the instrumental characteristics mentioned 
above, absolute sodium number densities or aerosol distributions are derivable base 
on the comparison with data for the Rayleigh scattering. An example of data is given 
in Fig. 14 which illustrates the height profile of return signals up to  60 km, at  18h25in 
JST on Jan. 9, 1981. Detected signals in the portion corresponding to the lowest 
region (<5 km) are not considered to be originated from relevant levels, because the 
alignment of the telescope at this time is judged to be in case A in which no return 
signals must be seen with the receiving telescope. Therefore, these false signals are 
supposed to be caused by multiple scatterings by the neighboring, and are greatly 
affected by the miscounting characteristics of the counting system. Near the peak of 
the profile, detected counts can be represented by the dashed line which is drawn with 
the miscounting correction for the ideal profile for model A (solid  line). It is quite 
interesting that strange objects distribute in the region from 25 to 50 km. In this 
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          Fig. 14. An example of data taken at about  18425m JST on Jan. 9, 1981. 
4. Conclusion 
   An adequately high output laser tuned in a narrow bandwidth at 589.0 nm was 
devised for observations of the atmospheric sodium layer. Through fundamental 
experiments on the laser radar system, following conclusions have been drawn. 
   1) The characteristics of a height profile of detected return signals due to the 
Rayleigh scattering is extremely dependent on the aligning geometry of transmitting 
and receiving telescopes. Therefore, when the sodium density or the aerosol 
distribution is derived by referring to a Rayleigh scattering profile, a special attention
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should be paid in assigning received signals to atmospheric densities, especially for the 
region below 30 km. 
   2) When a large flux of returning photons is incident upon a receiving telescope, 
the miscounting of signals arises from the limitation of a pulse pair resolution of the 
receiving system. That is a serious problem when a photon counting method is adopted 
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     Fig. 15. Results obtained with 46 laser shots on Mar. 12, 1981,  02/128m--02k32m JST. 
   The observation of the upper atmospheric sodium layer using our lidar system has 
been successfully continued at Mt . Zao Observatory since August, 1980. Fig . 15 is an 
example showing a profile of the sodium layer in arbitrary unit . Circles are derived, with 
a correction for the range, from received counts accumulated for 46 shots in a 4 minutes 
interval at about  02h3Orn JST on Mar . 12, 1981. A smoothed curve is drawn so as to 
represent the most probable profile considering the extent of experimental errors  in -  , 
volved. The observed behavior of the atmospheric sodium layer will be presented in a 
separate paper.
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